In this paper we report the synthesis of three families of new amidine-based aromatic derivatives as potential DNA minor groove binding agents for the treatment of cancer. The preparation of mono-guanidine, mono-2-aminoimidazoline and asymmetric diphenyl guanidine/2-aminoimidazoline derivatives (compounds 1a,b,c to 8a,b,c) is presented. The affinity of these substrates and of a family of mono-and bis-isoureas (previously prepared in Rozas' laboratory) for DNA was evaluated by means of DNA thermal denaturation measurements. In particular, compounds 2c, 5c, 6c, 7c, and 8c were found to bind strongly both to natural DNA and to Adenine-Thymine oligonucleotides, showing a preference for the Adenine-Thymine base pairs sequences.
Introduction
The DNA minor-groove is the interaction site for many replicative and repair enzymes and transcription control proteins. It also provides an opportunity to design drugs that are capable of selective binding and hence the potential to interfere with these processes.
Minor-groove binding agents typically have long and planar structures that allow them to adopt a crescent shape that fits into the minor-groove forming close contacts in the deep, narrow space formed between the two DNA strands. These DNA/minor-groove binder complexes are typically stabilized by hydrogen bonds (HBs), van der Waals contacts and/or ionic interactions.
1 Binding is typically driven by hydrophobic interactions and if the molecule is positively charged this is usually accompanied by the liberation of a large number of water molecules. The positively charged natural products distamycin and netropsin were among the first examples of molecules that specifically target the minor-groove. Since their discovery, many drugs that target the minor-groove have been developed. They are highly selective and they compromise the fundamental biochemistry of a cell through inhibition of the actions of DNA-dependent enzymes, for example by direct inhibition of transcription. 2, 3, 4 Sophisticated synthesis has yielded oligoamides capable of highly specific binding; 5 further development has also witnessed the emergence of hairpins polyamides to latch around the groove. 6 While many different minor-groove binders have been synthesised and tested as anticancer agents, their severe toxicity has prevented any therapeutic use. However, some dicationic aromatic diamidines such as furamidine (Figure 1 ), 7 have shown promising antiproliferative activity against different tumour cell-lines. The furamidine derivative furimidazoline is one particularly good example. 8 It is worth noting that fluorescence microscopy indicates the rapid nuclear accumulation of some furamidines in tumour cells. 9 These findings together open new possibilities for developing novel aromatic dicationic derivatives with enhanced interaction and selectivity within the DNA minor-groove and possibly with more selective toxicity.
We have previously prepared a large number of symmetric diaromatic bis-guanidinium and bis-2-aminoimidazolinium derivatives, which are structurally related to furamidine, with potential to treat sleeping sickness (Figure 1 ). 10 These compounds showed good affinity for 
, comprising a series of diaromatic mono-guanidinium and mono-2-aminoimidazolinium derivatives (family I: compounds 1g/h to 8g/h), a series of diaromatic mono-and bis-isouroniums (family II: compounds 9i/j to 11i/j) and a series of asymmetric diaromatic guanidinium/2-aminoimidazolinium dications (family III: compounds 1c to 8c).
Consideration of the properties of each of these families has allowed us to explore the requirements needed for improved binding to the DNA minor-groove. All of the compounds described here contain the basic furamidine scaffold which has been modified by systematically changing both the terminal cationic arms and the bridging furan moiety. Figure 2 . Structure of the three families studied
The cationic groups may bind to DNA in two ways, firstly through direct H-bonds through the NH groups and secondly through water-mediated interactions with the bases.
These two mechanisms of binding mean that different interactions, depending on the nature of the cation, can exist. In this work the amidinium cations have been exchanged with guanidinium, 2-aminoimidazolinium and isouronium cations. In these cases, we sought to enhance HB contacts in the minor groove by increasing the number of HB donors (NH groups in the guanidinium and 2-aminoimidazolinium cations) or introducing an additional HB acceptor (an O atom in the isouronium cation). Furthermore, these are more articulated cations than amidinium. The structure of the supporting molecular scaffold or linker, is very important if we wish to capitalize on these multiple binding interactions. The optimum linker will allow for a better orientation of the positive charges within the groove and introduce the curvature or geometry best suited to fitting. However, it is now known that curvature is not essential to fit into the minor groove, To assess the binding to DNA we have performed thermal denaturation experiments in natural DNA (salmon sperm, 68% Adenine-Thymine base pair -AT-content).
Furthermore, since binding to the minor groove requires the presence of a run of five AT base pairs binding experiments were also conducted in the presence of double stranded AT homopolymers [poly(dA•dT) 2 and poly(dA)•poly(dT)] to assess their potential selectivity for the minor groove .
Results and Discussion

Chemistry
On the basis of our previous experience and taking into account the good results obtained by our group 10,13, further treatment with Amberlyte resin in water leads to the hydrochloride salts of the target molecules. 10, 13, 14, 15 Preparation of the corresponding mono-isouronium (9i, 10i, 11i, Table 1) and bis-isouronium derivatives (9j, 10j, 11j, Table 2 ) has been reported by our group in a previous article 16 using a similar synthetic approach to the one just described starting from the corresponding aromatic alcohols.
Synthesis of asymmetric guanidine/2-aminoimidazoline derivatives (Family III)
All our starting materials are symmetric and, hence, the two amino moieties have the same reactivity. As we intend to introduce different groups at both ends of the molecule, an excess of the diamines was required to avoid di-functionalization. Thus, three equivalents of each of the corresponding diamines were treated with just one equivalent of N,N'-bis(tertbutoxycarbonyl)thiourea, one equivalent of mercury (II) chloride and an excess of triethylamine to afford the desired mono-functionalized Boc-protected guanidines (1a-8a) as main products with yields ranging from 29 to 82% (see Scheme 1). Working under these conditions, less than 5% of the di-functionalized products was observed. 
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Scheme 1
In the second stage of the synthesis, one equivalent of each of the previous intermediates was reacted with one equivalent of N,N'-di(tert-butoxycarbonyl)imidazoline-2-thione, a slight excess of mercury (II) chloride and an excess of triethylamine to afford the asymmetric Boc-protected derivatives (1b-8b) in moderate to good yields. Standard deprotection of the Boc groups with an excess of trifluoroacetic acid in dichloromethane followed by treatment with Amberlyte resin in water led to the hydrochloride salts of the asymmetric guanidine-and 2-aminoimidazoline containing products (1c-8c).
Synthesis of amino-guanidinium and amino-2-aminoimidazolinium derivatives (Family I)
Regarding the synthesis of the mono-guanidine and mono-2-aminoimidazoline containing derivatives, in the first step we decided to protect one of the amino groups of the starting amines with Boc (see Scheme 2) to increase the solubility of the intermediates and allow a faster development of the column chromatography.
Following the same strategy as mentioned above, three equivalents of each of the starting diamines were treated with one equivalent of Boc anhydride. The mono-Bocprotected amines (1d-6d) were obtained as the main products in good yields.
The urea derivative 8d was prepared following a different route (see Scheme 2). Thus, reaction of 4-nitrobenzoisocyanate with mono-Boc-protected 4-aminoaniline yielded the corresponding Boc protected 4-[3-(4-nitrophenyl)ureido]aniline (12) , which upon hydrogenation produced derivative 8d. However, the carbonyl group proved to be too deactivating and compound 7d (and subsequently 7e, 7f and 7h) could not be prepared. All these compounds are new, except for 1d 17 and 3d 18 that have been already described.
In the second stage, the mono-Boc-protected amines were treated with one equivalent
thione, a slight excess of mercury (II) chloride and triethylamine. The guanidine precursors (1e-6e and 8e) were purified by column chromatography in silica gel, whereas for the 2-aminoimidazoline ones (1f-6f and 8f), neutral alumina was used instead. Finally, deprotection of the Boc groups afforded the final mono-amidinium-like products after three stages in moderate to good overall yields. It should be mentioned that the amino-guanidine derivatives 1g-8g could also be obtained after Boc deprotection of 1a-8a. In fact, this was the only possible route to prepare compound 7g and proved to be a shorter and more efficient methodology, producing higher overall yields. 
Scheme 2
All the diamines used as starting materials are commercially available either from Aldrich or Fluka, except for the 1,4-(bis-4-aminophenyl)piperazine, whose synthesis has been described previously. 19 It is also worth mentioning that, the unreacted starting diamines could be recovered from the column eluting with a more polar solvent system.
Biophysical Results: Thermal Denaturation Assays
Thermal Denaturation experiments are easy to perform and provide quick and reliable information on the binding of small molecules to DNA. These assays, for example in unspecific salmon sperm DNA can be used as a general screening for the suitability of the compounds studied as DNA binders. Afterwards, the preference for specific base sequences can be explored.
Denaturation studies of families I-III in the presence of natural DNA
The interaction of all the molecules with DNA was firstly examined by performing thermal denaturation experiments using a mixed sequence salmon sperm DNA with a 32 % GC content. The melting temperature of salmon sperm DNA (T m(SS) ) was measured in the presence of the different families of molecules.
The results found for some of the mono-amidinium-like derivatives (guanidinium, 2-aminoimidazolinium and isouronium derivatives from families I and II) are presented in 
Melting temperature in phosphate buffer (10 mM) is 69 °C.
Progressing from the monocationic species to the dicationic symmetric bisisouronium derivatives (9j -11j) resulted in moderately greater changes (Table 2) . For these compounds, the O linker (10j) was found to have the greatest effect on the melting temperature resulting in an increase of 6 ºC in the T m value.
More pronounced changes were observed when the measurements were repeated for the asymmetric dicationic compounds of family III (1c -8c). These compounds were found to significantly increase the T m by a range of 6 and 12 ºC indicating an enhanced stabilization of the duplex structure that is attributed to improved binding.
Comparison of the ΔT m(SS) values obtained for the symmetric bis-isouronium (9j-11j)
and the asymmetric dicationic (1c, 3c, 4c) possessing the CH 2 , O or S linkers, revealed very little difference in the melting temperature between the compounds with different cations. When we compare the melting results of the molecules with the methylene (1c; see thermal melting experiment results in Figure 3 ) and ethylene (2c) bridges in the presence of natural DNA, we observe that the ethylene linker gave a slightly better melting result, which is indicative of improved binding. A possible reason for this is that the extra CH 2 increases hydrophobicity thereby improving the hydrophobic interactions. Another possible conclusion for this is that the more flexible ethylene linker provides another point of contact with the DNA allowing for a better binding.
A comparable change was also found in the case of the bulky piperazine linker (6c), which yielded intermediate stabilization of DNA. This is interesting given the linear and bulky nature of the piperazine linker, and thus, the combination of both features could play a role in its entry and fitting into the minor groove. The greatest change was observed for the NH (5c; see thermal melting experiment results in Figure 3 ) and NHCONH (8c) species (~ 12 C). Interestingly, both of these compounds are capable of strong hydrogen bonding interactions. The strong binding of compound 8c to salmon sperm DNA (Table 2) could possibly be explained because it has a urea linker that could provide enough freedom of rotation allowing a good induced fit inside the DNA minor groove. However, it should be noted that the changes do not seem to reflect the difference in the length of the linker in the case of 5c and 8c. Table 2 ). The exception was found for the CH 2 species (1c)
which was found to stabilize the homopolymer to the same extent as natural DNA.
However, in the case of the ethylene linker (2c) the melting temperature showed a two-fold increment compared to salmon sperm DNA. This would imply that while 2c binds to AT rich domains, which are characterized by a narrow minor groove, 1c is unlikely to bind in the same fashion as the increased availability of binding sites in the AT homopolymer is not accompanied by increased binding affinity. Thus, it may be concluded that the restricted degree of rotation conferred by the -CH 2 -bridge does not favour insertion into the narrower minor groove present in the AT DNA and the molecule most probably binds more effectively through an alternative mode. However, the higher degree of rotation due to the extra CH 2 in 2c, allows the molecule to wrap around the minor groove better than 1c.
Next, we considered the influence of the other bridging groups in the selective binding between the different DNA systems. By comparing molecules 1c, 3c, 4c and 5c
(linker: -CH 2 -, -O-, -S-and -NH-respectively), it was noted that compound 5c had the highest melting temperature in both salmon sperm DNA and poly(dA•dT) 2 . This was followed by molecules 3c and 4c that have the same melting temperature in salmon sperm DNA but slightly different in poly(dA•dT) 2 DNA (by 1 °C). As noted previously, the smallest change was observed for compound 1c. These results seem to indicate the importance of hydrogen bonding with a possible HB donation to the O2 of thymine being a potential dominant factor. The fact that 3c and 4c gave better melting results in comparison to 1c illustrates further the order of binding since the oxygen and sulphur linkers could be HB acceptors, but the methylene bridge is a known weak HB donor.
However, if we consider the relative sensitivity of the melting temperature (T rel ) defined to the DNA type (T m(AT) -T m(SS) ; see Table 2 ), two distinct groupings emerge. The first group contains the compounds 2c (-CH 2 CH 2 -), 5c (-NH-), 6c (-piperazine-) and 7c
(-CO-) and shows a T rel change of the order of 6 C. The second grouping shows significantly less sensitivity to the two forms of DNA, 1c (-CH 2 -), 8c (-NHCONH-), 4c
(-S-) and 3c (-O-), with the ether linker showing the greatest difference of 3 C.
When comparing the results for molecules 1c, 5c and 7c (linkers: -CH 2 -, -NH-and -CO-respectively), the primary difference is the HB characteristics of the corresponding linkers, with the methylene bridge being a weak HB donor, the -NH-a stronger HB donor and the carbonyl group a HB acceptor. The order of binding to DNA and AT oligonucleotides, from best to worst, was found to be: strong HB donor (NH) > HB acceptor (CO) > weak HB donor (CH 2 ). This indicates that, in the synthesis of future molecules, incorporating more HB donors would be advantageous. The geometry around the bridging linker must also be considered as it is likely to play an important role. Here, there are two important factors. Firstly, the steric nature of the geometry (tetrahedral -CH 2 -vs trigonal planar -CO-and trigonal pyramidal -NH-) will influence the approach to and binding in the pocket. Secondly, the rotational freedom conferred by the bridging moiety would be expected to influence the binding. There is no freedom of rotation in 7c (trigonal planar) whereas there is freedom of rotation around the linker for molecules 1c (tetrahedral linker) and 5c (trigonal pyramidal linker). It is interesting to note that compound 6c not only shows a medium affinity towards natural DNA but also to poly(dA•dT) 2 (Table 2 ). It was felt that these experiments would help to confirm the selectivity of the asymmetric dications towards the AT sequences.
The most significant differences in conditions were on the one hand, the higher loading of the drug to DNA, with a ratio between base pairs and ligand (P/D) of 3 rather than that of 10 used above and, on the other hand, the buffer used, 10 mM 2-(Nmorpholino)ethanesulfonic acid (MES), as opposed to 10 mM phosphate buffer. Due to these differences, the results obtained cannot be quantitatively compared to the poly(dA•dT) 2 results. However, the trend observed is similar and a good correlation was found between both sets of results as shown in Figure 4 . Comparing the results previously published with
Wilson's group on the thermal denaturation of the symmetric bis-guanidines and bis-2-aminoimidazolines, 10 and those found now using the same Wilson's conditions (Table 2) 
Conclusions
We have prepared three different families of mono-and bis-amidinium-based derivatives, in order to explore their potential as DNA minor-groove binders. First, with respect to family I, the mono-guanidinium and mono-2-aminoimidazolinium derivatives have been prepared following the synthetic pathways previously described by us. 10, 13, 14 Second, regarding family II, the preparation of the asymmetric guanidinium/2-aminoimidazolinium di-cations has been performed from the corresponding monoguanidinium derivatives and subsequent introduction of the 2-aminoimidazoline group.
Third, regarding family III, the preparation of the mono-and bis-isouronium derivatives has been reported in a previous paper from our group. 16 The ability of these compounds to bind to DNA has been evaluated by thermal denaturation experiments not only with mixed sequence DNA (salmon sperm), which comprises all four bases, but also with poly(dA•dT) 2 and poly(dA)•poly(dT)
oligonucleotides. Despite showing cationic groups at both ends of the di-aromatic moieties, mono-amidinium-like derivatives (ammonium and guanidinium or 2-aminoimidazolinium) and bis-isouroniums (two isouronium cations) have shown to poorly/moderately bind to DNA. Nevertheless, in general, asymmetric bis-amidinium-based derivatives displayed a good affinity towards DNA and a preference for the AT sequences. In particular, compounds 2c, 5c, 6c, 7c and 8c strongly bind to both unspecific and AT oligonucleotides.
Taking into consideration these promising results, we believe that these asymmetric compounds deserve more investigation as DNA targeting agents and thus, more biophysical studies are ongoing and will be reported soon.
Experimental
Chemistry
All the commercial chemicals were obtained from Sigma-Aldrich or Fluka and were used without further purification. Deuterated solvents for NMR use were purchased from Apollo. Dry solvents were prepared using standard procedures, according to Vogel, with distillation prior to use. Chromatographic columns were run using Silica gel 60 (230-400 mesh ASTM) or Aluminium Oxide (activated, Neutral Brockman I STD grade 150 mesh).
Solvents for synthesis purposes were used at GPR grade. Analytical TLC was performed formation of the di-Boc-protected compound was observed.
General procedure for the synthesis of the hydrochloride salts: Method 4.
Each of the corresponding Boc-protected precursors (0.5 mmol) was treated with 15 mL of a 50% solution of trifluoroacetic acid in DCM for 3 h. After that time, the solvent was eliminated under vacuum to generate the trifluoroacetate salt. This salt was dissolved in 20 mL of water and treated for 24 h with IRA400 Amberlyte resin in its Cl -form. Then, the resin was removed by filtration and the aqueous solution washed with DCM (2 x 10 mL).
Evaporation of the water afforded the pure hydrochloride salt. Absence of the trifluoroacetate salt was checked by 19 F NMR. 
DNA Binding Assays
DNA salmon sperm and poly(dA•dT) 2 experiments
Thermal melting experiments were conducted with a Varian Cary 300 Bio spectrophotometer equipped with a 6x6 multicell temperature-controlled block. Temperature was monitored with a thermistor inserted into a 1-mL quartz curvet containing the same volume of water as 
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